The histone demethylase KDM4B is overexpressed in several tumor types and is oncogenic upon overexpression. Results: Kdm4b-EGFP recruits to DNA damage induced by laser micro-irradiation. Kdm4b-EGFP overexpression enhanced double-strand break repair and increased survival following ␥-irradiation. Conclusion: Kdm4b enhances the DNA damage response. Significance: Kdm4b overexpression may contribute to cytotoxic anti-cancer treatment resistance.
mutations and gross chromosomal alterations, but also instability at the level of chromatin or epigenomic instability. Global histone modifications have demonstrated predictive value in esophageal cancer (2, 3) , non-small cell lung cancer (4, 5) , pancreatic cancer (6, 7) , liver cancer (8) , prostate cancer (9) , breast cancer (7, 10) , and ovarian cancer (7) . For example, low levels of dimethylated lysine 9 on histone 3 (H3K9me2) 2 are predictive of earlier relapse and decreased survival in both prostate and kidney cancer (11) . This reduction in H3K9me2 was associated with the global genome and repetitive DNA elements, but not specific gene promoters. Generally, low levels of repressive histone marks (i.e., H3K9me2/3, H3K4me3, and H3K27me3) are associated with poor prognostic indicators (5) (6) (7) (8) (9) (10) 12) , although the reverse relationship also has been reported (2, 13, 14) . Histone methyltransferase levels also are predictive of patient outcomes. For example, levels of the H3K9 dimethyltransferase G9a are increased in lung adenocarcinoma and are predictive of poor prognosis (15) . It is notable that overexpression of G9a in adenocarcinoma cell lines resulted in increased invasive capacity due to the gene silencing of Ep-CAM, but that global levels of H3K9me2 were not increased (15) . These observations underline the complex balance of histone methyltransferases and demethylases as well as the importance of their regulation to epigenomic stability.
Evidence suggests that control of histone methylation plays an important role in the maintenance of genomic stability. For example, Suv39h1/Suv39h2 double knock-out (Suv39h1/h2-dn) mice display a tumor-prone phenotype, and cells from these mice display chromosomal instability (16 -18) . Similarly, reduction of the histone methyltransferase G9a results in chromosomal instability (19) . Suv39h1/h2 and G9a exert their function through H3K9 methylation. Suv39h1/h2 generates H3K9me3, and G9a generates H3K9me1 and H3K9me2 (20 -22) . The association of disrupted H3K9 methylation with both chromosomal instability and poor patient prognosis points to a role for the regulation of H3K9 methylation in the suppression of tumorigenesis via the maintenance of genomic stability.
The repair of DNA damage is an important component of the maintenance of genomic stability. Upon the detection of DNA damage, a complex and highly regulated DNA damage response is evoked (23) . The DDR includes the induction of cell cycle arrest, DNA repair, and/or apoptosis. In addition, the chromatin structure must be relaxed and histones evicted at the site of DNA damage before DNA repair proceeds. Once repair is complete, the histones and histone post-translational modifications must be faithfully reinstated (23, 24) . The chromatin of Suv39h1/h2 double-null mouse embryonic fibroblasts (MEFs) exhibit a significantly less dense chromatin structure than their isogenic wild-type counterparts (25) . This observation is not surprising as H3K9me3 is a heterochromatin-associated mark and provides binding sites for proteins responsible for the maintenance of heterochromatin structure. Reducing the degree of chromatin compaction before the induction of DNA damage has been associated with an amplified DDR (26) . Therefore, H3K9 demethylases may be an important component of the DDR. Double-strand breaks (DSBs) are considered the most deleterious form of DNA damage. If left unrepaired they can give rise to the gross chromosomal instability that typifies malignant cells (e.g. translocations). ATM (ataxia telangiectasia mutated) is the main signaling kinase after the induction of DSBs. Ataxia telangiectasia is characterized by cerebellar ataxia, immune defects, small dilated blood vessels, as well as predisposition to malignancy (27) . Cells from ataxia telangiectasia patients are abnormally sensitive to ionizing radiation, and tumors from ataxia telangiectasia patients display chromosomal breakage (27) . The phenotype of ataxia telangiectasia illustrates the importance of ATM function in the maintenance of genomic stability and the suppression of tumorigenesis. Goodarzi et al. (28) demonstrated that inhibition of ATM results in the failure to resolve heterochromatin-associated DSBs induced by ␥-irradiation. However, it was observed that this ATM dependence could be circumvented through the depletion of H3K9me3 or the constitutive unmasking of H3K9me3 through the depletion of HP1 isoforms (28) . These data suggest that the requirement for ATM activation is reduced in cells with reduced levels of H3K9me3 and further support the concept that H3K9 demethylation is key to the maintenance of genomic stability in the wake of DNA damage.
Until the identification of the LSD1 demethylase in 2004 (29), H3K9 methylation was thought to be a permanent post-translational modification. More recently the Jumonji D2 (JMJD2/ KDM4) subfamily of proteins has been characterized as histone demethylases. These proteins belong to a larger superfamily of demethylases defined by the presence of the JmjC domain, which is responsible for the conferring of demethylase activity (30) . A major branch of this superfamily also contains a JmjN domain. When present, the JmjN domain interacts with the JmjC domain, forming the catalytic component (31) . All KDM4 subfamily members contain both JmjC and JmjN domains, and KDM4A-C subfamily members contain two plant homeodomain-type zinc fingers (PHD domains) and two Tudor domains in their carboxyl termini. KDM4A-D demethylate H3K9me3, H3K9me2, and to a lesser extent, H3K36me3 (32) .
KDM4 proteins have been shown to exert oncogenic pressure upon overexpression (for review, see Ref. 32) . KDM4A-C are overexpressed in several human tumor types (32) . In prostate and breast cancer, KDM4 proteins bind androgen and estrogen receptors. For breast cancer, data indicate that KDM4/ER␣ binding expands the number of ER␣ transcriptional targets and drives cellular proliferation (33, 34) . Additionally, Kdm4 proteins have been shown to negatively regulate p53 (32, 35) . Finally, KDM4C overexpression confers pleuripotency and is sufficient to induce transformation (36) . The importance of H3K9 demethylation during DSB repair, together with the KDM4 demethylase profiles, point the KDM4 proteins as strong candidates for participants in the DDR. Moreover, the oncogenic capacity of KDM4 proteins and the association of decreased H3K9 methylation with poor patient outcomes suggests that KDM4 overexpression is clinically relevant to cancer progression.
Based on these observations, we investigated the potential role of KDM4A-D as DDR proteins. We found that both Kdm4b and KDM4D were recruited rapidly to DNA damage induced by laser micro-irradiation. Of these two KDM4 proteins, only KDM4B is strongly supported in the literature as having a role in cancer progression. Focusing on Kdm4b, we found that moderate overexpression of Kdm4b-EGFP resulted in enhanced early double-strand break repair and conferred a survival and growth advantage after ␥-irradiation.
EXPERIMENTAL PROCEDURES
Cell Culture, Vectors, and Transfection-Cell lines were maintained in DMEM supplemented with 10% FBS at 37°C and 5% CO 2 . The Suv39h1/h2-double null (dn) MEFs and isogenic control MEFs were provided by Dr. Thomas Jenuwein (Vienna, Austria) (16 -EGFP was generated using the QuikChange site-directed mutagenesis kit (Stratagene) as per the manufacturer's instructions. Kdm4a, Kdm4c, and KDM4D Gateway donor vectors were constructed using clones from OriGene (Rockville, MD) as template cDNA. The Gateway modified monomeric EGFP expression vector was provided by Dr. Gordon Chan (Edmonton, AB, Canada). Transfections were performed using Effectene Transfection Reagent as per the manufacturer's protocol (Qiagen, Toronto ON). The Kdm4b-EGFP stable cell line was generated by transfecting the U2OS human osteosarcoma cell line with a nonlinearized Kdm4-EGFP expression vector. Transfected cells were selected on the basis of the neomycin resistance gene (neo) contained in the expression vector. The resulting non-clonal cell line was then sorted to obtain a low expression stable cell line on the basis of EGFP signal.
Inhibitors-ATM was inhibited using 10 M concentrations of the specific inhibitor KU0055933 (KuDos Pharmaceuticals, Cambridge UK). DNA-PK was inhibited with 50 nM of NU7441/KU 57788 (Tocris Bioscience, Bristol UK). PARP-1 was inhibited with 2.5 M AG14361 (Selleckchem, Houston, TX). To reduce H3K9me2 levels, cells were treated with 800 nM concentrations of the G9a inhibitor UNC0638 (Sigma) for 3 days before experimentation. Control cells were grown under the same conditions in DMSO.
Two-photon Laser Micro-irradiation-Cells were plated on 35-mm glass bottom MatTec plates (Ashland, MA) and transfected as required. Twenty-four hours after plating and/or transfection, cells were incubated with 0.5 g/ml Hoechst 33258 (Molecular Probes, Invitrogen) for 15 min. After the Hoechst-containing media was replaced, the dish was placed on the heated stage of a Zeiss LSM510 NLO laser-scanning confocal microscope equipped with a Plan-Neofluar 40ϫ/1.3 N.A. oil immersion objective. DNA damage was generated by exciting the Hoechst 33258 using a near-infrared 750-nm titanium-sapphire laser line in a defined 1-m band across the nucleus. The laser output was set to 10% power and 7 iterations. This combination of Hoechst sensitization and micro-irradiation generates a strong ␥H2AX signal that remains within the irradiated area. Time-lapse imaging was used to record the recruitment of EGFP-tagged protein to the DNA damage track using a 488-nm argon laser excitation and a 515-540-nm band-pass filter. For transfected cells, only low to moderate EGFP signals were selected for micro-irradiation. For immunofluorescence after micro-irradiation, cells were permitted to recover in a 37°C humidified incubator for the indicated times and then were fixed as per indirect immunofluorescence staining, detailed below.
Fluorescence Recovery after Photo-bleaching-Fluorescence recovery after photo-bleaching (FRAP) was used to compare the relative chromatin binding of Kdm4b-EGFP both on and off the DNA damage track induced by two-photon laser microirradiation. Live U2OS cells transiently transfected with Kdm4b-EGFP were subjected to laser micro-irradiation as described above. FRAP was performed 120 s after micro-irradiation, a time by which Kdm4b-EGFP recruitment to the DNA damage tracks was shown to plateau (Fig. 1) . A 1-m band across the nucleus was photo-bleached using a 25-milliwatt argon laser (488 nm) with a band-pass filter of 505-530; this photo-bleached band was perpendicular to the laser micro-irradiation track. The high energy pulse resulted in permanent photo-beaching of EGFP in the 1-m band. For proteins that are not tightly associated with the chromatin and diffuse freely throughout the nucleus, the EGFP signal in the photo-bleached region is recovered rapidly. Conversely, for a protein that is tightly chromatin-bound, the recovery of EGFP-tagged protein to the photo-bleached area takes substantially longer. For the resulting images, the EGFP intensity was measured in two 1-m 2 areas. The placement of the first square corresponded to the area at the intersection of the 1 m FRAP and micro-irradiation tracks, and the second square was located on the FRAP track. Normalization was performed to account for global and/or cumulative photo-bleaching that may occur during the initial photo-bleaching and during imaging. EGFP intensity was expressed relative to pre-bleach intensity. Non-linear regression and curve comparison was performed using GraphPad Prism.
Indirect Immunofluorescence Microscopy and QuantificationCells were plated on either glass coverslips or glass-bottom 35-mm tissue culture plates. After the desired treatment, cells were fixed with 4% paraformaldehyde and then permeabilized for 5 min in 0.5% Triton X-100, PBS, incubated with primary antibody for 1 h, washed with 0.1% Triton X-100, PBS, incubated with fluorescence-labeled secondary antibodies for 1 h, washed in 0.1% Triton X-100, PBS, and mounted in media containing 200 ng/ml DAPI in PBS, 90% glycerol and 1 mg/ml par- aphenylenediamine. Antibodies used were as follows: ␥H2AX (Millipore 05-636 and Bethyl A300-081A), phospho-ATM Ser-1981 (Abcam ab13767), H3K9me3 (Upstate 07-442 and Active Motif 39162 (with H3K9me2 peptide added), H3K9me2 (Abcam ab1220), and H3K36me3 (Abcam ab9050). In experiments utilizing the Bethyl ␥H2AX primary antibody for ␥H2AX foci counting, cells were treated with CSK buffer (10 mM Pipes (pH 6.8), 300 mM sucrose, 50 mM NaCl, 3 mM MgCl 2 , 1 mM EGTA, and 0.5% Triton X-100) for 2 min before fixation to reduce background staining. Foci counting and staining quantification were performed on the resulting images using the CellProfiler open-source cell image analysis software (38 -40) . The ATM phosphorylation (pATM) foci were quantified using a high content analysis MetaXpress Micro XL system (Molecular Devices, Sunnyvale CA) using a 20 ϫ 0.75 Plan Apo lens. Data were analyzed using MetaXpress software Version 5.0 (Molecular Devices) running on a Powercore system with 48 processors using a spot counting algorithm (Transfluor module) to quantify foci/nuclei and a cell masking algorithm (Cell Scoring module) to quantify KDM4-GFP expression.
Colony Formation Assay-Cells were plated at a density of 300 cells/60-mm tissue culture plate, allowed to settle for 24 h, and then irradiated at the stated conditions. Plates were incubated until the colony size in the untreated control plates was Ͼ50 cells, and then the plates were stained with crystal violet, and the colonies were counted. Each experiment was performed in triplicate. The MEFs were plated at half the density of the U2OS cells; the individual MEF colonies were less dense and physically larger than those of the U2OS cells.
RESULTS

Kdm4b and KDM4D Recruit to DNA Damage Induced by
Laser Micro-irradiation-Human osteosarcoma U2OS cells were transfected with EGFP-tagged members of the KDM4 subfamily. Utilizing the EGFP tag to monitor localization, individual nuclei were subjected to laser micro-irradiation, and recruitment of the tagged proteins to the resulting DNA damage track was recorded using time-lapse microscopy. We found that Kdm4b-EGFP and KDM4D-mEGFP both recruited to laser micro-irradiation tracks, with maximum recruitment achieved by 90 s (Fig. 1, A and C) . Kdm4b-EGFP recruited more readily than KDM4D-EGFP. Kdm4a also recruited to the laser micro-irradiation tracks, but at a later time point and at a lower relative abundance (Fig. 1B) . There was no detectable recruitment of Kdm4c-mEGFP. KDM4B is overexpressed in several human cancers, displays oncogenic properties upon overexpression (32), and was recruited at higher levels to the DNA damage tracks (Fig. 1) . Therefore, subsequent experiments focused on the impact for Kdm4b overexpression on the DNA damage response.
Kdm4b Recruitment Is Dependent on Demethylase ActivityTo determine the functional requirement of Kdm4b for recruitment to DNA damage, laser micro-irradiation was performed using variants of Kdm4b-EGFP lacking either the JmjC or JmjN domains as well as a catalytically dead variant (Kdm4b H189A ) (37) . Both the ⌬JmjN and ⌬JmjC variants failed to accumulate on the micro-irradiation tracks, and Kdm4b
H189A demonstrated at least an 80% decrease in recruitment ( Fig. 2A) . These data indicate that the demethylase activity of Kdm4b is required for retention at DNA damage sites induced by laser micro-irradiation.
Kdm4b Recruitment Is Not Dependent on H3K9 MethylationWe next assessed the requirement of H3K9me3 and H3K9me2 for the recruitment of Kdm4b-EGFP to DNA damage induced by laser micro-irradiation. The Suv39h1/h2-dn cells are deficient in both the H1 and H2 homologues of the Su(var)3-9 histone methyltransferase, which methylates H3K9me1 to H3K9me3 (21) . Using Suv39h1/h2-dnMEFs, we found that recruitment of Kdm4b-EGFP to laser micro-irradiation tracks was not impaired compared with isogenic wild type control MEFs. Indeed, the recruitment of Kdm4b-EGFP was both accelerated and increased in the Suv39h1/h2-dn cells (Fig. 2, B  and D) .
H3K9me2 levels were reduced using the G9a methyltransferase inhibitor UNC0638. Pretreatment of U2OS cells for 3 days resulted in a 60 -70% reduction in H3K9me2 (Fig. 2F ) but did not reduce the recruitment of Kdm4b-EGFP to the DNA damage tracks (Figs. 2, C and E). As in the Suv39h1/h2-dn cells, reduction of H3K9me2 enhanced the recruitment of Kdm4b-EGFP to the laser micro-irradiation tracks.
Kdm4b-EGFP Recruitment to Laser Micro-irradiation Tracks Is Dependent on PARP-1 but Not ATM, ATR, DNA-PK, or
␥H2AX-Laser micro-irradiation was performed for Kdm4b-EGFP in the presence of inhibitors specific for ATM, DNA-PK, and PARP-1. Inhibitor effects on recruitment were determined relative to appropriate solvent controls. We found that neither ATM inhibitor (10 M) nor DNA-PK inhibitor (50 nM) had any measureable effect on the recruitment of Kdm4b-EGFP to the laser micro-irradiation tracks (Fig. 3, A and B) . Control experiments verified that the ATM inhibitor abolished the phosphorylation of ATM on the DNA damage track (data not shown). In contrast, 2.5 M PARP-1 inhibitor AG14361 resulted in a 60% decrease in Kdm4b-EGFP recruitment to laser micro-irradiation tracks (Fig. 3C) .
Kdm4b-EGFP Displays Increased Turnover on the Laser Micro-irradiation Tracks-FRAP was performed on individual cells expressing Kdm4b-EGFP 2 min after laser micro-irradiation. The recovery of the EGFP-tagged Kdm4b was quantified both on and off the DNA damage tracks. We found that Kdm4b-EGFP recovered more rapidly on the DNA damage tracks, indicating that Kdm4b-EGFP was less tightly bound in the context of DNA damage induced by two-photon laser micro-irradiation (Fig. 4) . This difference was small but significant (p Ͻ 0.0001, curve-fitting analysis GraphPad Prism). The more rapid recovery of Kdm4b-EGFP is indicative of a more rapid turnover on the DNA damage track or increased Kdm4b-EGFP re-recruitment. This suggests that the binding site in laser micro-irradiated chromatin is distinct from that in undamaged chromatin.
KDM4 Proteins Do Not Form ␥-Irradiation-induced Foci at DSBs-Twenty-four hours after transfection with one of the four Kdm4 EGFP-tagged proteins, U2OS cells were exposed to 2Gy of ␥-irradiation and were fixed immediately or allowed to respond for up to 6 h (a 1-h recovery is shown in Fig. 5 ). Using immunofluorescence for the DSB biomarker ␥H2AX, relative abundance of EGFP-tagged KDM4 demethylases at ␥-irradia-tion-induced foci (IRIF) was examined. We found no evidence of increased abundance of the KDM4 subfamily members at IRIF at any time point examined. This observation is not without precedent. The DSB repair proteins Ku70/80 also do not form IRIF (41) .
ATM Activation Is Not Abrogated by Reduced H3K9 Methylation-Previous studies have linked H3K9 methylation, ATM activation (pATM) and DSB repair. It has been reported previously that ATM is not activated in cells overexpressing KDM4A or KDM4D after 5 Gy irradiation (42) . In contrast, we found that ATM activation and pATM foci formation was proficient in Kdm4b-EGFP-overexpressing cells after 2 Gy of ␥-irradiation (Fig. 6, A and C) . This observation was confirmed using ␥H2AX foci formation as a readout for ATM activation (43) in the presence or absence of ATM inhibitor. At 5 min post-irradiation, the overexpression of Kdm4b-EGFP efficiently generated ␥H2AX foci in an ATM-dependent manner (Fig. 6B ), supporting our observation that Kdm4b did not abrogate ATM activation (Fig. 6, A and C) .
Kdm4b Overexpression Enhances the Repair of ␥-Irradiationinduced DSBs-Twenty-four hours after transfection of Kdm4b-EGFP, U2OS cells were exposed to 2 Gy of ␥-irradiation. Cells were fixed at 1, 6, and 24 h post-irradiation and then analyzed for numbers of ␥H2AX foci compared with non-irradiated controls. At 1 h after irradiation, we found that the number of ␥H2AX foci in the EGFP-positive cells was comparable to the foci numbers in EGFP-negative cells (Fig. 7A ). However, 6 h after irradiation the Kdm4b-EGFP-positive cells displayed a significantly lower number of ␥H2AX foci than the non-overexpressing cells (Fig. 7A) . After 24 h of recovery the Kdm4b-overexpressing cells displayed no significant change in the number of ␥H2AX foci compared with the 6-h time point, whereas the cells not overexpressing Kdm4b (EGFP-negative) continued to resolve the ␥H2AX foci. There was a small but correlation between the levels of EGFP and ␥H2AX foci (Fig. 7,  B and C) . Therefore, increased Kdm4b levels enhanced early repair of DSBs, as assayed by the biomarker ␥H2AX.
To verify that the overexpression of Kdm4b-EGFP did not induce an increase in spontaneous damage that would con-FIGURE 3. Kdm4b-EGFP is dependent on PARP-1 for recruitment to DNA damage. U2OS cells were transiently transfected with Kdm4b-EGFP. 24 h after transfection two-photon micro-irradiation was used to determine the requirement of Kdm4b-EGFP on key DDR proteins for the recruitment to DNA damage. The recruitment of Kdm4b-EGFP to the DNA damage tracks was not affected by ATM inhibition (A) or DNA-PK inhibition (B). C, inhibition of PARP-1 resulted in a 30% decrease in Kdm4b-EGFP recruitment. Cells were treated for 1 h before micro-irradiation. Graphs represent the mean values for at least 18 nuclei Ϯ S.E. 6 . ATM activation is proficient in Kdm4b-overexpressing cells. U2OS cells were plated on glass coverslips and transfected with Kdm4b-EGFP. 24 h after transfection the plated cells were exposed to 2 Gy ␥-irradiation and then fixed at 30 and 60 min recovery. Indirect immunofluorescence was used to stain phosphorylated ATM. Nuclei were counterstained with DAPI. Images were obtained and processed to ensure quantitative micrographs. Exposure times were held constant, and the resulting images were scaled identically. B, ␥H2AX foci formation 5 min after 2 Gy ␥-irradiation as a readout for ATM activation. Kdm4b-EGFP cells were proficient at the formation of ATM-dependent ␥H2AX foci. C, shown is quantification of ␥-irradiation-induced pATM foci in Kdm4b-EGFP-positive and -negative cells. Overexpression of Kdm4b-EGFP resulted in no significant change in pATM foci numbers. n.s., not significant. FIGURE 7. Kdm4b overexpression promotes DSB repair. A, U2OS cells were plated on glass coverslips and transfected with Kdm4b-EGFP. 24 h after transfection, the plated cells were treated with 2 Gy of ␥-irradiation (␥IR) and fixed at 1, 6, and 24 h post-irradiation. Cells were stained by immunofluorescence for ␥H2AX, and the nuclei were counterstained with DAPI. The numbers of ␥H2AX foci were counted after 1, 6, and 24 h recovery in both Kdm4b-EGFP-positive cells and neighboring untransfected (control) cells. The mean number of foci is indicated by the horizontal bar. Statistical differences were determined by using a two-tailed t test. n.s., not significant. B, levels of Kdm4b-EGFP were negatively correlated with the number of remaining ␥H2AX foci after 6 h recovery. Correlation was measured using one-tailed Pearson correlation calculation. The mean EGFP intensity was measured for individual masked nuclei using CellProfiler. C, two examples show the inverse correlation between Kdm4b-EGFP levels and ␥H2AX foci at 6 h post-irradiation. D, U2OS cells were plated onto glass coverslips and transfected with either wild type Kdm4b-EGFP or inactive Kdm4b H189A -EGFP. At 24 and 48 h post-transfection, coverslips were fixed and stained for ␥H2AX foci, and the nuclei were counterstained with DAPI. Foci numbers were counted for the transfected cells as well as the EGFP-negative control cells. Kdm4
H189A -EGFP/48h had a significantly (p Ͻ 0.001) higher number of ␥H2AX foci than any other experimental condition (one way analysis of variance); all other comparisons did not show significant differences.
found data interpretation, ␥H2AX foci numbers were analyzed 24 and 48 h post-transfection in non-irradiated cells. We found that overexpression of Kdm4b-EGFP did not result in increased ␥H2AX foci numbers, whereas overexpression of the demethylase dead mutant (H189A) resulted in the induction of spontaneous ␥H2AX foci by 48 h (Fig. 7D ). This suggests that the catalytic dead mutant has a dominant-negative effect on DNA repair.
DNA Damage-induced H3K9 Demethylation; Laser Microirradiation-Using U2OS cells transiently transfected with
Kdm4b-EGFP, we performed laser micro-irradiation followed by 10 min of recovery, timed from irradiation of the first cell. The actual recovery time ranged from 6 to 10 min, and Kdm4b was still present on the DNA damage track (Fig. 8, A and C) . Residual Kdm4b remained on the DNA damage tracks for as long as 20 min (data not shown). Fixed cells were then stained for H3K9me3 or H3K9me2 in order to investigate the degree of demethylation on the DNA damage tracks. For the experiments reported in this manuscript, only cells displaying low to moderate Kdm4b-EGFP levels were used. Using this level of transient transfection in U2OS cells, we observed that cells overexpressing Kdm4b-EGFP displayed a complete loss of H3K9me3 by immunofluorescence (Fig. 8A) . In contrast, the H3K9me2 signal was retained for the levels of Kdm4b-EGFP used in these experiments (Fig. 8B) . Cells with high levels of Kdm4b-EGFP overexpression did display a reduction in H3K9me2 (data not shown), which is consistent with the established Kdm4b demethylase profile (44) .
We observed evidence of reduced H3K9me2 on the DNA damage track induced by laser micro-irradiation in Kdm4b-overexpressing cells (Fig. 8C) . In non-transfected cells (i.e. no Kdm4b-EGFP expression), we did not find evidence of decreased H3K9me2 or H3K9me3 on the DNA damage tracks (data not shown). Therefore, overexpression of Kdm4-EGFP resulted in a global loss of H3K9me3 and a DNA damage-induced decrease in H3K9me2 after micro-irradiation.
DNA damage-induced H3K9 Demethylation: ␥-IrradiationAs outlined in the Introduction, evidence suggests that demethylation of H3K9 is important to the DDR. Based on our observations of decreased H3K9me2 on the micro-irradiationinduced DNA damage tracks (Fig. 8C) , we measured the global alterations in H3K9me2 and H3K9me3 levels in non-transfected cells at early time points after 2 Gy irradiation. In the absence of Kdm4b overexpression, we found that global levels of H3K9me2 were rapidly reduced by 50% and remained at this level for approximately 1 h after ␥-irradiation (Fig. 8D) . This 50% decrease in dimethylation was reproducible between four independent experiments. Inter-experimental variability af- . C, U2OS cells were plated on glass-bottom dishes and transfected with Kdm4b-EGFP. 24 h after transfection, DNA damage was induced in EGFP-positive cells using two-photon laser micro-irradiation. Ten minutes after micro-irradiation of the first cell, the plates were fixed and stained for H3K9me2 by immunofluorescence. Two examples are shown. D and E, U2OS plated on glass coverslips were treated with two Gy of ␥-irradiation (␥IR). Plated cells were fixed at denoted time-points after irradiation. Cells were stained by immunofluorescence for H3K9me3 (D) or H3K9me2 (E), and the nuclei were counterstained with DAPI. H3K9me2 levels were quantified for each nuclei (sample numbers are shown on the graph) using CellProfiler and expressed relative to the mean H3K9me3 levels of the non-irradiated control cells. The mean methylation level was compared with the non-irradiated control using an unpaired t test with Welch's correction for unequal variance. n.s., not significant. p Ͼ 0.05. ***, p Ͻ 0.0001.
fected the time at which H3K9me2 levels began to return to base-line levels. Similarly, global levels of H3K9me3 rapidly decreased after 2Gy ␥-irradiation (Fig. 8E) . However, unlike the decrease in H3K9me2, the observed decrease in H3K9me3 was transient. The irradiation-induced decreases in H3K9 di-and trimethylation were validated by Western blot analysis with decreased methylation levels of 45 and 58% observed, respectively.
The Effect of H3K9 Demethylation before Irradiation-U2OS cells were cultured in 800 nM G9a inhibitor for 3 days before irradiation, resulting in at least a 60% decrease in H3K9me2 (Fig. 2F) . On day 3 of G9a inhibition, cells plated on glass coverslips were exposed to 2 Gy ␥-irradiation and allowed to recover for the specified time. Immunofluorescence was performed for ␥H2AX, and the IRIF foci were counted. The reduction of H3K9me2 resulted in significantly higher numbers of ␥H2AX foci at 30 min post-irradiation. However, 30 min later the H3K9me2-defficient cells had significantly fewer ␥H2AX foci, thus demonstrating accelerated repair. At later time points no repair advantage was conferred by the constitutive reduction of H3K9me2 (Fig. 9A) .
Similarly, Suv39h1/h2-dn and wild type cells were used to compare the repair of IRIF in the context of constitutive H3K9me3 reduction. The Suv39h1/h2-dn cells harbored significantly higher numbers of ␥H2AX foci 1 h after irradiation (Fig.  9B) . Normalization of these data to the 1-h time point confirmed that there was no significant difference in the degree of repair 6 h after irradiation. However, 24 h post-irradiation the H3K9me3-deficient cells (DN) demonstrated a mean number of ␥H2AX foci that was ϳ2-fold higher than that of the isogenic wild type MEFs (WT, Fig. 9B ). This could reflect increased formation of spontaneous foci that have been found in heterochromatin in the absence of this lysine 9 methylation (45) and is also observed in untreated Suv39h1/h2-dn MEFs (data not shown).
Kdm4b-EGFP Overexpression Confers Increased ␥-Irradiation Survival-The survival of Kdm4-EGFP stable cells after ␥-irradiation was compared with the survival of the parental U2OS cell line. Using the colony formation assay, we found that low level overexpression of Kdm4b-EGFP conferred a moderate, but significant, survival advantage (Fig. 10A) . Moreover, the colonies for the Kdm4b-EGFP-overexpressing cells were larger than for the control U2OS cells. Next, we performed the colony formation assay with U2OS cells that had been pretreated with the G9a inhibitor for 3 days, reducing global H3K9me2 levels by 60 -70% (see Fig. 2F ). Reduction of H3K9me2 levels before ␥-irradiation resulted in decreased cell survival (Fig. 10B) . Colony formation assays for the Suv39h1/h2-dn and isogenic wild type MEFs were difficult to analyze, as these cells do not form dense colonies. However, data collected indicate that the Suv39h1/ h2-dn cells may be less sensitive to ␥-irradiation than their wild type counterparts (Fig. 10C ). Therefore, the low level of Kdm4b overexpression conferred both a survival and proliferative advantage after the induction of DNA damage by ␥-irradiation and may be related to the constitutive loss of H3K9me3. It should be noted that in the cases of G9a inhibition, reduced H3K9me2 levels were induced before irradiation, whereas H3K9me2 levels are not markedly altered by Kdm4b overexpression.
DISCUSSION
The induction of DNA damage elicits a complex cellular response termed the DDR. Evidence supports the concept that reduction of H3K9 methylation may be a key component of the DDR. The association of constitutively reduced H3K9 methylation with genomic instability, tumorigenesis, and poor patient prognoses illustrates the requirement for tight control over H3K9 methylation. KDM4A-C demethylate H3K9me3, H3K9me2, and H3K36me3 (44) and are overexpressed in several tumor types (32) . Based on these observations, we investigated the potential contribution of KDM4 subfamily members to the DDR. We show here that the clinically relevant Kdm4b demethylase is a component of the DDR and that overexpression of Kdm4b confers a survival and growth advantage after ␥-irradiation-induced DNA damage. A, U2OS cells were pretreated with 800 nM concentrations of the G9a inhibitor (G9ai in DMSO) UNC0638 or DMSO alone (control) and plated onto glass coverslips. Three days after treatment initiation, the cells were exposed to 2 Gy of ␥-irradiation. The cells were fixed at the time points indicated and stained for ␥H2AX and H3K9me2 by immunofluorescence. ␥H2AX foci and H3K9me2 levels were quantified by CellProfiler software. The mean foci number is denoted by the horizontal bar. Total numbers of nuclei assays are indicated on the graph. The number ␥H2AX foci were compared for each time point using analysis of variance with Bonferroni's correction for multiple comparisons. G9a inhibition resulted in a 63% reduction in H3K9me3 levels at the time of ␥-irradiation (Fig. 2F) . B, Suv39h1/h2 double null MEFs (DN) and isogenic wild type control MEFs (WT) were assayed for ␥H2AX foci numbers, as above. n.s., not significant.
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Using two-photon laser micro-irradiation, we found that both Kdm4b-and KDM4D-EGFP were rapidly recruited to the DNA damage tracks. Kdm4a-EGFP also recruited but at much later time points. KDM4A and KDM4B are overexpressed in several human tumors, and their overexpression is associated with increased proliferation, invasive capacity, and anchorageindependent cell growth (for review, see Ref. 32) . KDM4C also is overexpressed in human tumors, but its overexpression is associated with the promotion of pluripotency (46, 47). In keeping with this different phenotype, Kdm4c showed no recruitment to DNA damage tracks. KDM4D has not been reported as overexpressed in clinical samples. Therefore, we focused on the role of KDM4B in the DDR, as it both recruits to DNA damage induced by laser micro-irradiation and is clinically relevant.
We next investigated the biochemical requirements for Kdm4b-EGFP recruitment to DNA damage tracks. Inhibition of the key DDR signaling kinases (ATM, ATR, and DNA-PK) did not diminish Kdm4b-EGFP recruitment. In contrast, inhibition of PARP-1 resulted in a 60% decrease in Kdm4b-EGFP recruitment to the DNA damage tracks. One of the earliest proteins recruited to DNA adducts, the catalytic activity of PARP-1 increases 10 -500-fold upon DNA damage detection, and poly-ADP-ribose chains can be detected 15-30 s after the induction of DNA damage (48) . These poly-ADP-ribose chains in turn recruit hundreds of additional DDR proteins. In addition to an established role in response to single-strand breaks, PARP-1 has been identified as one of the first proteins recruited to DSBs (49) . PARP-1 is in a complex with MRE11 and is required for the rapid recruitment of the MRE11/RAD50/NBS1 (MRN) complex to DSBs (49) , underlining the importance of PARP-1 in DSB repair. The remaining recruitment of Kdm4b-EGFP in the presence of PARP-1 inhibitor may be attributable to PARP-3. Although PARP-2 is not a main contributor to the DDR provoked by DSBs (for review, see Ref. 50 ), PARP-3 has been reported to function in synergy with PARP-1 in response to DSBs (51) . The requirement of Kdm4b-EGFP on PARP-1, but not ATM, ATR, or DNA-PK, places Kdm4b as an early responder in the DDR.
We found that the demethylase function of Kdm4b was required for accumulation on the micro-irradiation-induced DNA damage tracks, but that neither H3K9me3 nor H3K9me2 was obligatory (Fig. 2) . Fodor et al. (37) reported that Kdm4b-EGFP was not localized to the H3K9me3-rich chromocenters in mouse cells. However, removal of the PHD and Tudor targeting domains resulted in relocalization of the truncated Kdm4b to the chromocenters (37) . This aberrant localization was relieved upon addition of the H189A inactivating mutation in the JmjC domain. These data suggest that the catalytic domain participates in the recruitment of Kdm4b to heterochromatin, but that this binding is normally masked by higher affinity binding outside of heterochromatin. Thus, our data showing a requirement for the catalytic domain in retention at DSBs is consistent with this domain being involved in targeting to some sites in chromatin.
Having demonstrated by laser micro-irradiation that Kdm4b is a DDR protein, we next sought to determine the impact of Kdm4b overexpression on the repair of ␥-irradiation induced DSBs. We found that the Kdm4 proteins did not accumulate at sufficient levels to form IRIF (Fig. 5 and Ref. 52 ). These observations parallel the characteristics of DSB repair proteins Ku70 and Ku80. Ku70 and Ku80 recruit to micro-irradiation tracks (41, 53) but do not accumulate at sufficient levels to form IRIF (54) . Given the more rapid turnover of Kdm4b-EGFP on the micro-irradiation DNA damage track and the localization patterns observed by Fodor et al. (Ref. 37 and summarized above), the failure of Kdm4 to accumulate at IRIF was not unexpected.
In keeping with our identification of Kdm4b as a DDR protein, overexpression of Kdm4b-EGFP enhanced the repair of DSBs, as monitored by ␥H2AX foci. Moreover, the overexpression of inactive Kdm4b resulted in a significant increase in the number of spontaneous DSBs, supporting a role for Kdm4b in facilitating the repair of DSBs. Although the numbers of the remaining ␥-irradiation-induced ␥H2AX foci were equivalent by 24 h (Fig. 7) , low level overexpression of Kdm4b-EGFP conferred both a survival and proliferative advantage after 2Gy of ␥-irradiation (Fig. 10) . Therefore, H3K9 demethylases may be an important component of the DDR. This is consistent with observations that reducing the degree of chromatin compaction before the induction of DNA damage is associated with an amplified DDR (26) . Sun et al. (42) reported that loss of the H3K9me3 mark resulted in a failure to activate ATM. Loss of H3K9me3 was modeled through the overexpression of Kdm4a or Kdm4d as well as in Suv39h1/h2-dn MEFs. ATM-deficient cells demonstrate DSB repair defects and radio-sensitivity (55). A, stable U2OS/Kdm4b-EGFP cells were sorted for low levels of Kdm4b-EGFP expression. The resulting U2OS/Kdm4b-EGFP low and parental U2OS cells were plated at low levels for the colony formation assay. 24 h after plating, the cells were irradiated and then were allowed to recover until the resulting colonies reached at least 50 cells. The plates were then stained with crystal violet to allow visualization of the colonies; both cell lines were plated and stained on the same day. The experiment was performed in triplicate. Colonies were counted and expressed relative to untreated controls. B, U2OS cells were treated with G9a inhibitor or DMSO (control). On day 2 of treatment the pretreated cells were plated for the colony formation assay, as above. C, the sensitivity of the Suv39h1/h2-dn and isogenic wild type MEFs was compared using the colony formation assay, as above ␥IR, ␥-irradiation.
Our observations of Kdm4b-associated increased survival and enhanced DSB repair kinetics are inconsistent with the concept of a Kdm4b-induced defect in ATM activation. Goodarzi et al. (28) observed that loss of H3K9me3 circumvented the requirement for ATM in the repair of DSB, suggesting that the requirement for ATM in DSB repair is reduced in the context of reduced H3K9me3 levels. In testing ATM activation, we found that pATM foci formation was intact in Kdm4b-overexpressing cells (Fig. 6 ) despite the loss of H3K9me3. Moreover, ATM inhibition did not impact the recruitment of Kdm4b-EGFP to micro-irradiation-induced DNA damage, and ATM inhibition did not alter the Kdm4b-EGFP binding characteristics on the DNA damage track (Fig. 3 and data not shown) . However, ATM inhibition did reduce the chromatin binding characteristics of Kdm4b-EGFP in the absence of exogenous DNA damage (data not shown). Also, we observed an increase in spontaneous DSBs with the overexpression of demethylase-dead Kdm4b H189A -EGFP (Fig. 7D) . These data support a role for Kdm4b in the suppression of genomic instability in the absence of exogenous DNA damage as well as a role in the DSB-induced DDR.
Global changes in histone methylation in response to DNA damage are not well documented, and studies are difficult to compare. Because our data indicate that the demethylase activity of Kdm4b contributes to the DDR and the repair of DSBs, we chose to investigate the levels of H3K9me2 and H3K9me3 immediately after ␥-irradiation in cells that do not overexpress Kdm4b. Fnu et al. (56) observed an increase in H3K9me2 after DSB-induction, whereas others have reported increased H3 acetylation (57) or no change in H3K9me3 (42, 58) . However, these studies did not survey time points immediately after the induction of DNA. Changes in H3K9me2 in response to DNA damage have not been reported previously. In human U2OS cells (no Kdm4b overexpression), we observed a rapid decrease in both H3K9me2 and H3K9me3 after DNA damage induced by 2Gy␥-irradiation (Fig. 8, D and E) . The decrease in H3K9me3 was transient, whereas H3K9me2 levels were suppressed for 1 h after irradiation. This DNA-damage-induced reduction in H3K9 methylation is supported by reports of DNA damage-induced chromatin expansion in Drosophila that persisted for up to 1 h and was partially ATM-dependent (59) . The authors concluded that the chromatin expansion enabled extraction of DSBs from within the heterochromatin, thus facilitating repair. It is notable that DNA damage-induced reductions in H3K9 methylation are consistent with the global chromatin relaxation that occurs after DNA damage (24) .
It has been shown previously that the H3K9me3-deficient Suv39h1/h2-dn cells repair DSBs more slowly than their wild type counterparts (28) , and our data are consistent with this observation. Moreover, we demonstrated that despite reduced DBS repair, as assayed by ␥H2AX foci, the Suv39h1/h2-dn cells display an increased tolerance to ␥-irradiation-induced DNA damage. This is consistent with a recent report by Zheng et al. (60) demonstrating that overexpression of Suv39h1 increased sensitivity to ␥-irradiation. Taking into account the increased genomic instability and tumor-prone phenotype associated with Suv39h1/h2 deficiency (16 -18) , it is possible that reductions in H3K9me3 confer an increased tolerance to DNA damage. Comparatively little is known about the impact of H3K9me2 deficiency on the DDR. Using U2OS cells pretreated with a specific G9a inhibitor, we found that reduced H3K9me2 levels were associated with enhanced repair DBS at 1 h after irradiation (Fig. 9) . However, inhibition of G9a conferred increased sensitivity to ␥-irradiation (Fig. 10B) , suggesting that the DNA damage-induced reduction in H3K9me2 may not be sufficient to account for the resistance associated with Kdm4b overexpression (Fig. 10A) . It is important to note that in the case of G9a inhibition, reduced H3K9me2 levels were present before irradiation, whereas overexpression of Kdm4b did not result in a constitutive loss of H3K9me2.
It has previously been shown that Kdm4a regulates DNA repair through competition with 53BP1 for H4K20 (52) . We and Mallette et al. (52) demonstrated that overexpression of either Kmd4a or Kdm4b reduced the numbers of DNA damage induced-53BP1 foci, although the reduction was greater for Kdm4a. Of interest is their observation that blocking 53BP1 foci formation was not dependent on the demethylase activity of Kdm4a, whereas we show in this manuscript that the recruitment of Kdm4b-EGFP to DNA damage was dependent on the catalytic capacity of Kdm4b. Furthermore, the overexpression of Kdm4a (wild type or demethylase dead) or Kdm4b sensitized U2OS cells to the cytotoxic effects of etoposide (52) . One key difference between these two manuscripts is that this manuscript focuses exclusively on cells with low levels of Kdm4b-EGFP overexpression, which would not be expected to abrogate the formation of 53BP1 foci 3 . Examination of the Oncomine database reveals KDM4B overexpression in cancer to be in the range 1.5-fold. Also, we found that cells expressing high levels of Kdm4b-EGFP were rapidly lost during cell culture and were associated with cells undergoing cell death. Indeed, a second stable cell line with moderate-to-high levels of Kdm4b-EGFP was more sensitive to the cytotoxic effects of ␥-irradiation (data not shown). However, this stable cell line lost Kdm4-EGFP signal over time, whereas the cell line selected for low levels of Kdm4-EGFP (Fig. 10) remained stable. Therefore, these data suggest that Kdm4b has two opposing effects on the DDR, depending on the degree of overexpression.
Finally, we addressed whether the changes induced by moderate Kdm4b overexpression were biologically relevant. We found that moderate overexpression of Kdm4b-EGFP induced a 1.3-1.4-fold increase in survival after 2-4 Gy of ␥-irradiation. During the revision of this manuscript, Zheng et al. (60) reported that p53 was required for H3K9me3 down-regulation after 5 Gy ␥-irradiation and that p53 was required for the regulation of Kdm4b. This association between p53 and Kdm4 family members has been reported previously (61) (62) (63) . Zheng et al. (60) also reported that Kdm4b knockdown increased sensitivity to DSBs. Our data support and extend these observations by demonstrating that reductions in either H3K9me3 or H3K9me2 accelerated DSB repair and increased survival. In addition, our data place the H3K9 histone demethylase Kdm4b as an early component of the DDR. Moreover, we examined the impact of Kdm4b overexpression at clinically relevant levels, which would be expected to result in a complete removal of the H3K9me3 mark. Kdm4b has not been reported as having decreased expression in clinical tumor samples. Therefore, the data reported here and by Zheng et al. (60) address two different clinical scenarios, KDM4B overexpression and p53 deficiency, respectively. It might be expected that combined p53 deficiency and KDM4B overexpression would have an even greater impact on the response to DNA damage-based anticancer therapies.
In summary, we identified Kdm4b as a DDR protein that is dependent on its inherent catalytic capacity and PARP-1 function but not key DDR kinases. Overexpression of Kdm4b has demonstrated oncogenicity (32), and we show here that Kdm4b also confers resistance to ␥-irradiation and enhances the repair of DSBs. This increased tolerance to exogenous DNA damage may be related to the constitutive reduction in H3K9me3 and possibly the DNA damage-induced reduction in H3K9me2. These data suggest that Kdm4b overexpression may contribute to the failure of cytotoxic anti-cancer treatment.
